To determine factors in nondiagnostic fetal and neonatal post-mortem ultrasound (PMUS) examinations.
centres internationally. 8, 9 Whilst this is welcome news for many parents, access to PMMR may be limited, and increasing clinical pressures have reduced the availability of scanner time in many centres.
Recent literature has suggested that post-mortem ultrasound (PMUS) in the perinatal population could offer a potential alternative imaging solution. 10 One recent study even suggested that fetal and neonatal PMUS could provide the same diagnostic accuracy for cause of death as 3T PMMR, when the images were of diagnostic quality. 11 With ultrasound imaging being more affordable and less timeconsuming (approximately 20 min for PMUS 12 versus 45-90 min for PMMR 13 ), one potential imaging protocol may be to use PMUS as a triage tool for non-invasive autopsies (NIAs), whilst referring only complex cases or nondiagnostic PMUS studies for PMMR, thus saving time and clinical resources. This pathway could be streamlined further if it was possible to predict certain variables or patient factors that would render a nondiagnostic quality PMUS and "fast-track" these cases for PMMR.
In this study, our objective was therefore to identify best demographic or patient clinical predictors for achieving a diagnostic quality PMUS examination, in a large fetal and neonatal post-mortem cohort.
| METHODS
Ethical approval was granted for this prospective, single centre cohort study (REC 09/H0713/2) and all samples handled in accordance with the Human Tissue Act (2004) . Parental written consent for postmortem imaging was obtained in each case.
| Patient selection
Consecutive unselected fetal and neonatal deaths, with parental consent for post-mortem imaging were included over a 5-year period spanning 1 July 2014 to 1 July 2019. All cases were deemed eligible for inclusion. We excluded from analysis cases in whom whole body ultrasound had not been performed.
What is already known about this topic?
• Post-mortem ultrasound is a feasible technique for fetal and neonatal death investigation.
• When imaging quality is diagnostic, there is a similar diagnostic accuracy rate between fetal and neonatal post-mortem ultrasound and MRI.
What does this study add?
• The brain and heart are the most likely body parts to be nondiagnostic at post-mortem ultrasound examination.
• Maceration is the most significant contributing factor for nondiagnostic quality ultrasound imaging
• Fetal and neonatal deaths should be prioritised for postmortem MRI where they are macerated and/or where there is a high antenatal suspicion for cardiac or brain abnormalities.
FIGURE 1
Example of a diagnostic quality post-mortem ultrasound image of the brain in a 17-week gestational aged fetus, obtained in a water bath. Coronal ultrasound images through A, the frontal horns of the lateral ventricles, B, the body of the lateral ventricles, C, the trigone of the lateral ventricles, and D, the occipital lobes respectively. Image (E) demonstrates image acquisition via the mastoid fontanelle, depicting the cerebellar hemispheres in coronal section [Colour figure can be viewed at wileyonlinelibrary.com]
| PMUS imaging
All PMUS was performed by one of two board-certified paediatric radiologists, with 2 years (UM) and 4 years (SCS) of specialist post-mortem radiology and paediatric ultrasound scanning experience. The radiologists were only given the gestational age of the patient and suspected mode of delivery or death. They were blinded to all other clinical history details (including results of antenatal imaging tests). PMUS was conducted according to published guidelines, 12, 14 and each study took approximately 20 minutes to complete. All bodies were stored and refrigerated at 4°C in the hospital mortuary prior to imaging.
Ultrasound was performed using a high-frequency linear probe (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) MHz) for all body parts, on a dedicated ultrasound machine (Samsung, model HM70A), reported using a predefined template, adapted from the ISUOG fetal imaging guidelines [15] [16] [17] (see Appendix A) for comment across five different body parts (brain, spine, chest, cardiac, and abdomen) and for overall diagnosis. Suboptimal image quality or inability to perform adequate views were defined as "nondiagnostic" and judged by the radiologist performing the study according to the normal expected appearances for the fetal gestational age. [18] [19] [20] As an example, a diagnostic brain PMUS study should allow for visualisation of both cerebral hemispheres, ventricles and the posterior fossa through the anterior, sphenoid, and mastoid fontanelles ( Figure 1 ); however, a nondiagnostic brain PMUS would preclude these key anatomical landmarks ( Figure 2 ). Diagnostic thoracic studies should allow for the unaerated lungs and diaphragm to be outlined. Diagnostic cardiac studies should allow for the four cardiac chambers and outflow tracts to be delineated (as in Figure 3 ); however, the presence of intracardiac gas (Figure 4 ), and any distortion or compressibility of the chest could be deemed nondiagnostic. Abdominal PMUS imaging should allow for the liver, spleen, kidneys, bladder, bowel, and genitalia to be visualised and imaging of the spine should allow for identification of the entire spinal cord, including the conus medullaris and the bony sacrum to rule out neural tube or sacral defects.
| Data collation and collection
All results were transferred prospectively into an imaging database in From the finalised autopsy report, conducted by one of seven specialist consultant paediatric pathologists at our centre, the demographic details and biometric measurements taken at the external examination of the autopsy were also entered into the database, including the following:
• Patient gender (male, female, or undetermined);
• Gestational age (weeks);
• Post-mortem weight (g);
• Crown-rump length (CRL) (cm);
• Crown-heel length (CHL) (cm);
• Head circumference (HC) (cm);
• Post-mortem interval (PMI, days) (ie, the time between death [for neonatal deaths] or delivery [for terminations of pregnancy, stillbirths and intrauterine fetal deaths] and the PMUS);
• Mode of death/delivery; and
• Maceration score (maceration is the process of tissue autolysis, which occurs during intrauterine fetal retention. 21 Given that the exact timing of fetal demise in utero is difficult and therefore, the length of intrauterine retention, a standard pathologist assessment of the body at external examination was scored from 0 = no maceration to 3 = severe/established maceration, as per previous publications 22, 23 ).
| Data analysis
We used "diagnostic image quality" (yes/no) as the main outcome measure according to the five body parts assessed (brain, spine, cardiac, thoracic, and abdominal) and also for all organ systems combined (whole body assessment-scored as "diagnostic" if all five body parts were deemed to be of "diagnostic ultrasound image quality").
Total numbers and percentages are presented of diagnostic ultrasound studies for each body systems and descriptive statistics for other demographic variables. Where there were sufficient numbers of both diagnostic and nondiagnostic cases for review, logistic regression (both univariable and multivariable analysis) was used to investigate how the odds of a diagnostic quality study changes according to demographic variables (eg, gender, post-mortem weight, gestational age, PMI, CRL, CHL, HC, and maceration score). The estimated odds were converted to "probabilities of diagnostic quality" for graphical display, with 95% confidence intervals for these predicted probabilities. Goodness-of-fit statistics (the Akaike
[AIC] and Bayesian information criterion [BIC]) were used, as well as clinical reasoning, to decide on which demographic variables were included in further multivariable models. All analyses were performed with R v2.15.2, and all estimates were presented with 95% confidence intervals derived from the profile likelihood method. The diagnostic ultrasound imaging rates with 95% confidence intervals for individual and whole body parts/systems are provided in Table 3 .
| RESULTS

| Study cohort
| Logistic regression analysis
Given that all of the spinal imaging was diagnostic and only a small number of abdominal (n = 2) and thoracic (n = 1) studies were nondiagnostic, further statistical analyses were conducted only for the assessment of the brain, cardiac, and all body parts overall.
In reviewing ultrasound imaging of the five body parts altogether, the multivariable model demonstrated that maceration was the most significant predictor for nondiagnostic image quality (Table 4) , demonstrating a clear negative association with the odds of diagnosis.
For example, a marked/extensive maceration score has an odds ratio of 0.061 (95% CI, 0.027-0.128; P < .0001) compared with no maceration (score = 0). In other words, the odds of an "acceptable quality" ultrasound in a setting with no maceration are 16.5 times greater (1/ 0.061) than in a setting with severe maceration (95% CI, 7.81-37.4).
The probabilities of acceptable quality for each maceration score are given in Table 2 (eg, 88.5% for no maceration).
For brain imaging, the multivariate model showed that postmortem weight (P = .0013), HC (P = .0288), and maceration score (eg, score 3 vs score 0, P < .0001) were all significant variables associated with image quality ( Table 5) .
For cardiac imaging, the multivariable model showed that increased maceration scores (scores 2 and 3 vs score 0, P = .0104
and P < .0001, respectively) and increasing CRL (P < .0001) were significant predictors negatively associated with image quality (Table 6) .
A graphical representation showing the changes in predicted diagnostic image quality and increase in post-mortem body weight for brain, cardiac, and whole body ultrasound examinations are provided in Figure 5 (derived from the univariable models).
| DISCUSSION
This study demonstrates that whilst the majority of fetal and neonatal PMUS studies are of diagnostic quality for all body parts, the most significant predictor for poor diagnostic quality was severe maceration.
The most likely body parts to be nondiagnostic were the brain and the heart. In our multivariable analyses, we found that increasing CRL was positively associated for image quality of the heart but not the brain. We interpret this data to mean that macerated fetuses with an antenatally suspected cardiac or brain malformation should be prioritised for PMMR. Nonmacerated fetuses or those with a low likelihood of anomalies could still benefit from a PMUS in the first instance.
The maceration process begins immediately after intrauterine fetal death (IUFD) and is therefore impossible to prevent to preserve image quality and fetal integrity. This timing is not possible to determine, unless induced through termination of pregnancy. During the Abbreviation: CI, confidence interval. maceration process, enzymatic autolysis of cells and tissues leads to fetal epidermal desquamation, skin reddening, and oedema of the internal organs. 24 The severity and extent of these changes are graded by pathologists at external assessment of the body and believed to correlate with the length of the intrauterine retention of the fetus. 24, 25 This rapid degradation process, occurring at maternal body temperature, is in contrast to the presumed slower tissue breakdown after fetal delivery prior to autopsy (ie, the postmortem interval), where the body is typically preserved in a refrigerated environment. Fixation of the fetus in formalin post-delivery (as performed by some authors 26 ) can prevent the minimal further tissue breakdown in the PMI but does not reverse the maceration process that has already undertaken.
The results from this study, the largest cohort of fetal and neonatal PMUS examinations published to date, are consistent with previous studies that have consistently reported that brain and cardiac imaging are the most likely body parts to have a nondiagnostic result and that maceration plays a significant role. In these smaller studies, a nondiagnostic brain examination was seen in 18.6% (13/70), 14 18 .7% (20/107), 27 and 6.5% (4/62) 28 of cases (compared with 20.7% [55/ 265] in this study); and a nondiagnostic cardiac examination was found in 19.7% (24/122), 14 33 .6% (33/107), 27 and 2.3% (2/86) 28 (compared with 19.6%, 52/254 in this study). In one study, 29 maceration was found to be associated with a nondiagnostic brain but not cardiac PMUS; however, gestational age and mode of delivery/death was not a factor for either. In another study by the same research group, 27 the authors reported that increased intrauterine retention time (ie, time between feticide and delivery for terminations of pregnancies; during which maceration occurs) was a significant factor for nondiagnostic brain PMUS (but not cardiac PMUS). Increasing gestational age and intracardiac injection during feticide were the only factors found to be related to nondiagnostic cardiac PMUS for the terminations of pregnancy. All of these studies widely suggest that increased maceration score is the most significant contributing factor for a nondiagnostic brain, cardiac, and whole body PMUS study. 27, 29, 30 An interesting observation in our study was that in the univariable analyses, we found that gestational age, postmortem weight, CRL and CHL, HC, and certain modes of fetal demise (IUD and miscarriages)
had an effect on the likelihood of a diagnostic PMUS image. Mode of fetal demise had a negative impact on image quality, possibly
given that IUFDs and miscarriages were more likely to be associated with a prolonged intrauterine retention rate and thus maceration severity score.
The fetal size factors had a negative effect on the diagnostic quality of brain PMUS but positive association for cardiac PMUS. For cardiac PMUS, we postulate that an increase in patient size (and thus cardiac size) may have allowed for better delineation of anatomical structures and thus a diagnostic result. One explanation could be that older fetuses are less likely to deform under gentle pressure from the ultrasound probe, causing less displacement of intrathoracic structures. This may explain the lower nondiagnostic PMUS rates for the heart and brain reported by Votino et al, 28 who used formalin fixation prior to ultrasound examination.
It is harder to explain how the increase in gestational age and fetal size would adversely affect brain PMUS, but the smaller size of the cranial fontanelles, overlapping of the cranial sutures and scalp oedema following difficult extraction, 31 may all contribute to the poorer sonographic penetrance required for adequate imaging (as previously shown in Figure 2 ). In addition, our use of a single linear high-frequency ultrasound probe rather than one with a smaller footprint and lower frequency may have impacted our findings given the difficulty in adequately assessing extra-axial spaces and reduced depth of sonographic penetration. Our finding is in contrast to a previous study assessing body weight limits for diagnostic quality postmortem MRI (PMMR), 32 where it was reported that 90% of perinatal brain PMMR examinations were of diagnostic quality if a fetus weighed 301 g (or 415 g for whole body PMMR), compared with a brain PMMR diagnostic rate of 50% for those weighing 90 g (or 156 g for whole body PMMR). This is unsurprising given that ultrasound and MRI use different techniques to generate images, but it 
FIGURE 5
Graphical representation illustrating the relationship between post-mortem weight (g) with predicted probability of diagnostic quality imaging (left) and presence of diagnostic quality imaging (right) for the brain, heart, and whole body overall. For the graphs on the left, the solid trend lines demonstrate the predicted probabilities, with the dotted lines representing 95% confidence intervals. On the right, each point on the graph represents a single examination in our study cohort (n = 265). With increasing post-mortem weight, there is an increase in the probability of diagnostic image quality cardiac imaging but reduction in brain and whole body imaging quality does suggest that PMMR would be an appropriate alternative method for larger fetuses where PMUS is nondiagnostic or limited by probe availability.
There is now also evidence that where a fetal brain malformation is suspected and termination of pregnancy is to be sought that intrauterine fetal MRI may be even more accurate than the PMMR. 33 where recommendations for optimal timing of examinations are important. As described above, the rapid tissue degradation that occurs during a prolonged intrauterine retention period (maceration) appears to play a more significant role in the diagnostic quality of the PMUS.
Our study had inherent limitations. We did not have autopsy correlation in all of our cases, since many cases did not consent to standard autopsy in addition to post-mortem imaging, and therefore, we cannot compare nondiagnostic quality at PMUS against nondiagnostic rates at autopsy, although this was not the aim of the study.
Our study cohort was also skewed towards fetuses of a lower gestational age and lower post-mortem weight, because of our recruitment/ referral area. Because of lack of detailed information in our autopsy referral documentation regarding the mode of termination of pregnancy in some of our cases, it was also not possible to assess whether the use of intracradiac potassium chloride or lignocaine injection during feticide may have contributed to advanced maceration or poor diagnostic quality imaging, particularly for cardiac ultrasound in certain cases.
We were also limited with the ultrasound equipment available, where we used a single high-frequency linear probe, which may have been less effective for deeper penetration of sonographic waves in larger fetuses where other probes (eg, microconvex array probe, with lower bandwith [4-10 MHz] and a smaller footprint for the reduced size in fontanelles of larger fetuses and neonates) might have improved imaging. As such, our results for brain imaging are limited to the use of a high-frequency linear probe in this setting, which could also account for the conflicting results in diagnostic imaging quality with increasing post-mortem body weight. We also recognise the subjective nature of defining imaging as diagnostic or nondiagnostic, which generates reporter variability between centres, but this issue is inherent to all imaging studies reporting diagnostic yield.
In conclusion, whole body PMUS imaging is of diagnostic quality in over two-thirds of fetal and neonatal deaths and would be a useful first line imaging tool in the majority of cases, apart from those with severe maceration. Cardiac and brain examinations are the most likely body parts to be nondiagnostic, with fetal size and gestational age also being significant contributory factors. A high throughput service could be developed around using PMUS in the first instance, prioritising PMMR for macerated fetuses (particularly with antenatal diagnosis of brain or cardiac abnormality) or where PMUS was subsequently found to be nondiagnostic.
